Introduction {#s1}
============

From the time of closed-loop hospital setting studies in the 1970s ([@B1]), the automation of blood glucose (BG) control has been a grand challenge for type 1 diabetes treatment, i.e., the artificial pancreas (AP). The inconvenience of early intravenous BG sensing and insulin delivery motivated the development of subcutaneous (SC) continuous glucose monitors (CGM) and continuous SC insulin infusion (CSII) pumps, which remain the most widely used platforms for AP development. Initially, software algorithms utilizing CGM and CSII pumps operated with the goal of insulin suspension to prevent nocturnal hypoglycemia. Recent clinical trials have extended this approach with process control algorithms, often augmented with compensatory manual insulin boluses, to handle more complex challenges, such as meals and exercise. The application of advanced control algorithms has led to substantial improvements in BG control. The robustness of these systems has been verified by over 40 clinical studies in the last decade. Clinical trial protocols that will bring the AP from bench to clinic must, by necessity, move away from sedentary, clinic-based trials toward those that mimic everyday life, highlighting the need for standardization in reporting and verification protocols to allow for objective comparison of results.

Engineering Translation of Type 1 Diabetes Treatment {#s2}
====================================================

This article provides a discussion of the engineering design required for the AP to move from bench to clinic. Defining the design problem involves identifying key features, including medical objectives, physiologic variables, subject challenges, and system limitations. As is the case in most engineering problems, there is not one absolute solution, but several different options, each with advantages and disadvantages. Throughout the following sections, the engineering elements of clinically tested AP designs are reviewed.

Defining Design Objectives {#s3}
--------------------------

The design objectives must be defined to meet the needs of the intended user, which will result in a controller design that is tailored to the target population. For example, children can benefit greatly from an AP because they do not have the capability to manage their own therapy and must rely on parental supervision; however, they are considered a high-risk group, so the AP will face more stringent safety requirements. Clinical studies that have been completed in the population of young children have tended to focus on nocturnal hypoglycemia prevention ([@B2]--[@B6]); thus, if these trials included meals, they used a manual bolus to avoid postprandial hyperglycemia. On the other hand, adults who suffer from chronic hyperglycemia due to the inability to consistently and accurately bolus for meals would benefit from a fully automated AP that required no user intervention. Consequently, the most appropriate objective should be chosen, such as maximization of time spent within a desired range, minimization of hypoglycemic events, prevention of postprandial hyperglycemia, or minimization of required patient intervention.

Controller Design Variables {#s4}
---------------------------

Given a set of design objectives, a suitable controller can be designed. Nearly all of the possible design configurations can be represented by the generalized feedback control architecture shown in [Fig. 1](#F1){ref-type="fig"}. For each of the components in this architecture, there are multiple options that allow optimized performance according to the design objectives. The options listed in [Fig. 1](#F1){ref-type="fig"} are representative of AP designs that have reached the clinical testing phase.

![Taxonomy of the AP design. A specific AP configuration is created by selecting options for each of the major elements shown in the figure. Solid lines demonstrate connections that are always present and dashed lines represent connections that may only be present in some configurations. The tuning, model, and desired glucose concentration are all part of the controller, as signified by the black arrows. Green color distinguishes physiological states or properties from measured or digital signals. Black lines are used to indicate predetermined features of a block, and blue lines indicate signals or actions conducted during closed-loop operation.](1191fig1){#F1}

The first option that must be specified is the desired BG. This can be either a specific value or a zone, and it can be fixed or time-varying. The controller receives the measured BG and compares it to the desired concentration. It may also incorporate a model of the BG as part of its algorithm. As shown in [Table 1](#T1){ref-type="table"}, several control algorithms have been tested, including model predictive control (MPC), proportional-integral-derivative control (PID), and fuzzy logic control (FL). The tuning of the control algorithm determines how aggressively it will react to BG deviations from the desired value. The control algorithm generates an output for insulin delivery, and may also calculate glucagon, pramlintide, and/or additional glucoregulatory hormone delivery. The controller output is calculated at discrete times determined by the controller action interval. The signal is then communicated to the pump, which may be SC or intraperitoneal (IP). The controller output and resulting glucose measurements may be used to update the controller or model parameters through adaptation, as demonstrated in run-to-run approaches ([@B7]) and adaptive learning schemes ([@B8]). The pump then delivers the calculated hormone doses to the patient.
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The glucose concentration is measured by one or more glucose sensors at a specified time interval. Sensors to measure other physiological information (e.g., heart rate, accelerometry, skin temperature) may also be included ([@B34]). The sensor signals are processed by filters or fault detection algorithms before being communicated to the controller, and then the entire process is repeated at the next sample time.

The patient may or may not be directly involved in the control loop. In some designs, the patient is required to make a meal announcement including the size of the meal consumed. The controller may then use that information to deliver a full or partial bolus. In other designs, the patient does not announce the meal but calculates and delivers a meal bolus manually. This bolus is delivered using an external pump to the SC or IP space. One study included manual preprandial pramlintide delivery ([@B9]). Better control can often be achieved with the addition of a meal bolus or announcement due to delays in insulin action after SC insulin delivery and glucose sensing. Since these additions require that a human is involved in a control loop, there is a higher potential for safety concerns, given the unpredictable nature of human behavior. The trade-off between the degree of automation and the control performance is a critical issue in current AP design and clinical testing.

Challenges and Limitations on Controller Design {#s5}
-----------------------------------------------

Most studies use commercially available glucose sensors and insulin pumps, and thus are constrained by their features and performance. For example, it is inconvenient to place more than one sensor on a person for use in daily life, even though extra sensors might improve system robustness. New sensors may be developed that are smaller or consist of an array of multiple sensors, allowing for redundant glucose measurements to overcome sensor malfunctions. The AP also relies on currently available insulin, glucagon, and pramlintide formulations. Glucagon is often difficult to work with due to its inability to remain stable in solution, although there has been research into creating improved glucagon formulations ([@B10]). The controller must be implemented using available laptops, tablets, smartphones, or other small computer devices. Battery life is an important factor to consider for all of these options, especially when Bluetooth or other wireless communication is needed. As current AP designs rely on existing commercial devices, it is important for such designs to be robust against difficulties that arise due to the communication between different hardware components, as well as to include failure modes in case of problems such as signal interruptions due to transmission or intrinsic sensor loss. Moreover, it is critical for current systems to demonstrate the ability to manage these problems during their validation steps prior to clinical implementation. However, all of these issues are symptoms of technology development, and future APs will be based on integrated devices with an embedded controller that will eliminate the communication overhead and excessive power requirements.

Some challenges are immutable because they are inherent to human physiology. For example, insulin cannot be removed from the body once it has been delivered; thus, controllers must be designed to account for insulin on board ([@B11]). Additionally, insulin sensitivity varies due to factors such as time of day, stress, and exercise, so controllers must be sufficiently robust to this variation. The companion review article by Kudva et al. ([@B12]) provides further explanation of the need for physiological inputs in control algorithms to achieve superior glucose regulation.

Recent Advancements in Clinical Trials {#s6}
======================================

Clinical testing of an AP system has been reported in over 40 publications since 2004, although this article emphasizes those published since 2010. The recent growth in clinical studies by many groups within a short period of time has meant that there were no clear precedents set for trial designs. With the exception of overnight-only control, no two studies have followed the same protocol for closed-loop initiation, meal size and timing, and exercise. In addition, results are often reported as percent of time in hyperglycemic, hypoglycemic, and euglycemic ranges, but there is no consistent definition of these intervals. [Figure 2](#F2){ref-type="fig"} provides a summary of the results of trials conducted from 2010 to 2013. Each published trial has been a success in that it has met its own objective; however, due to protocol variations and the lack of a standardized metric to measure AP performance, it is difficult to directly compare results across different studies without resorting to qualitative descriptions. Still, the limited analyses and comparisons that can be done indicate encouraging progress over time. The number of trials published per year has been steadily increasing, and the average percentage of closed-loop time maintained within the euglycemic range (using 70--180 mg/dL) has remained near 70%, despite later studies incorporating more difficult challenges into the protocol. Most importantly, studies that have been designed to compare control by the AP to conventional treatment have summarily concluded that AP control is the same or better than conventional therapy ([@B2],[@B4]--[@B6],[@B13]--[@B24]). [Table 1](#T1){ref-type="table"} shows a selection of details from published clinical studies spanning 2010--2013. Please refer to the online database at [www.thedoylegroup.org/APdatabase](http://www.thedoylegroup.org/APdatabase) for a searchable database of published clinical trials from 2004 to the present.

![Summary of the percentage of time in desired range reported by studies published in the years 2010--2013. The results are plotted against the size of the desired range (upper bound − lower bound), with all studies but one using between 63 and 71 mg/dL as the lower bound (59 mg/dL in ref. [@B22]). A circle, triangle, or square indicates that there were no meals, announced meals, or meals with no announcement/prebolus, respectively, during the time period used to calculate the percent time in range. A red shaded icon indicates that the time period used to calculate percent time in range was longer than 12 h. Multiple icons are used for a single study if there were different protocol branches or if results were reported only for discrete segments of the study (e.g., overnight and postprandial results reported separately).](1191fig2){#F2}

Control Algorithms {#s7}
------------------

MPC and PID algorithms have undergone the most extensive evaluation through clinical trials, with 14 and 6 studies, respectively. Applications of both controller types have shown strong performance across all metrics, with MPC controllers having slightly fewer instances of hypoglycemia per subject and PID controllers having slightly greater time in range for a wide variety of experimental conditions. Both controller types maintained, on average, 71% of the experimental period within the euglycemic range from 2010 forward ([@B3]--[@B5],[@B9],[@B13],[@B16]--[@B18],[@B22],[@B25]--[@B34]). FL has experienced an increase in usage in recent years ([@B6],[@B15],[@B19],[@B20],[@B35]). In fact, FL was one of the first algorithms to be demonstrated in an outpatient camp study ([@B6]), and a recent interim analysis has shown successful application of this controller in a home setting ([@B21]).

Insulin Delivery Methods {#s8}
------------------------

The two routes for insulin delivery that have undergone clinical evaluation in closed-loop trials are SC and IP delivery. SC insulin was most widely used, with all but a few published studies ([@B22],[@B36],[@B37]) using this route. As technology improves, the IP route is likely to see an increase in usage because it can eliminate problematic SC delays.

Variations on Meal Challenge and Compensation {#s9}
---------------------------------------------

Clinical trials were further delineated based on the postprandial hyperglycemia compensation strategy, which remains one of the most difficult challenges in glucose control. The timing and size of meals varied from trial to trial, with some providing more challenging disturbances than others. Studies that included prandial announcement or manual bolus (full or partial) showed the greatest amount of time in range, as shown in [Fig. 2](#F2){ref-type="fig"} ([@B2]--[@B6],[@B13],[@B15],[@B16],[@B18]--[@B20],[@B22],[@B25],[@B28]--[@B30],[@B32],[@B33],[@B38]--[@B40]). Fully automated closed-loop control showed a comparatively lower time in range, although these systems require considerably less patient effort ([@B9],[@B17],[@B24],[@B26],[@B27],[@B31],[@B34],[@B35],[@B41],[@B42]). The number of fully automated AP designs is increasing, with over 42% of clinical trials in 2013 including at least one unannounced meal challenge ([@B2],[@B6],[@B14],[@B15],[@B20],[@B21],[@B23],[@B26],[@B29],[@B34],[@B35]). To date, no studies have incorporated a strategy to explicitly compensate for the effects of noncarbohydrate nutrients on BG concentration. A further understanding of these effects may improve closed-loop control. This idea is explored further in the companion review article by Kudva et al. ([@B12]).

Hypoglycemia Prevention {#s10}
-----------------------

The biggest risk in the AP system is hypoglycemia due to overdelivery of insulin, exercise, or consumption of alcohol. Many AP designs have incorporated safety systems, such as a low glucose prediction module or insulin-on-board calculation ([@B2],[@B5],[@B9],[@B11],[@B13],[@B22],[@B31],[@B33]). All studies utilizing a PID controller from 2010 onward have incorporated insulin feedback models to prevent hypoglycemia induced by overdelivery of insulin, which is necessary because PID controllers do not have explicit predictive capabilities ([@B5],[@B9],[@B22],[@B23],[@B31],[@B33]). Rescue carbohydrates were administered if hypoglycemia could not be prevented by reduced insulin delivery (or increased glucagon delivery in bihormonal systems); however, the threshold varied anywhere from 50 mg/dL ([@B40]) to 90 mg/dL ([@B24]). As discussed in Kudva et al. ([@B12]), hypoglycemia prevention may be improved by studying its physiological causes and effects, as reduced insulin delivery may be ineffective in preventing hypoglycemia due to a relative excess of insulin. Hypoglycemia prevention remains one area that can use improvement, as a majority of studies reported at least one episode during closed-loop operation. Consequently, it is critical for safety systems supporting the control algorithms to incorporate multiple procedures for hypoglycemia prevention, such as escalating alarms and alerts to the user ([@B43],[@B44]), suspension of insulin delivery, recommendation of carbohydrate ingestion, and initiation of glucagon delivery.

Additional Clinical Challenges {#s11}
------------------------------

Several events have been identified as additional challenges in type 1 diabetes treatment. First, improvement in nocturnal glucose control is a critical area of need due to the danger posed by hypoglycemia during sleep. Thus, it is not surprising that closed-loop AP systems were first tested during overnight periods with the sole purpose of eliminating hypoglycemic events, and indeed, almost every clinical trial of the AP has since included nocturnal BG control as one of its challenges. AP systems have been shown to be robust and effective in prevention of nocturnal hypoglycemic events, with dramatic reductions in hypoglycemia in comparison with basal bolus therapy ([@B6],[@B16],[@B19]--[@B21],[@B23],[@B40]).

Exercise is the next widely tested challenge, with [@B11] studies reporting an exercise component and all such trials reporting successful management of the challenge ([@B4],[@B13]--[@B15],[@B18],[@B19],[@B23]--[@B25],[@B29],[@B32],[@B34]). Since exercise does not follow a universal regimen, it is difficult to design a test that will evaluate controller response while still reflecting everyday scenarios. In addition, most studies include the exercise challenge before a meal, which may confound the results by supporting the controller with the additional carbohydrates.

One clinical trial demonstrated successful management of alcohol consumption with an MPC controller ([@B16]), and another included adaptation by a bihormonal controller to a stress response induced by hydrocortisone ([@B39]). Two studies have shown successful application of an MPC AP system during pregnancy, and one recent study demonstrated improved control in children less than 7 years old ([@B2]). Recent studies have begun attempting to modularize the system, with three studies taking place in an outpatient environment ([@B6],[@B21],[@B25],[@B29]). Outpatient studies represent an important step forward for AP technology, and their number will increase greatly in the coming years as the AP moves from clinic to the home.

Future Directions {#s12}
=================

Multiple obstacles remain in the development of the AP. Some of these challenges, such as CGM performance, insulin delays, and robust communication between system components, are related to technological advancements, and must be resolved prior to commercialization of any AP system. These challenges are particularly relevant in the light of U.S. Food and Drug Administration's recent interest in the AP, as its recently released guidance document addressing the AP also identifies these issues as some of the primary barriers to commercialization ([@B45]). Another challenge in the coming years will be to improve controller evaluation in clinic. The variety of protocols and reported metrics makes it difficult to compare results across different AP configurations. As shown in [Fig. 2](#F2){ref-type="fig"}, the desired ranges reported in clinical publications have varied greatly, making it difficult to compare controller performance across trials. Agreement on a standardized definition of the desired euglycemic range is unlikely, as there is no clear choice for such a demarcation. Rather than reporting time in a few selected ranges, the focus should be on presenting data in a way that allows readers to draw their own conclusions. As a central common reporting requirement, the time in range data should be presented as a cumulative histogram, allowing the percent time in any range to be calculated. These cumulative histograms should be reported separately for overnight, postprandial, and 24-h periods. Protocol variations such as meal size, timing, and compensation strategy should be described as clearly as possible to allow for accurate comparison between trials. As trials become longer in length, standardized measurements, such as HbA~1c~, can be used to report the quality of BG control resulting from AP use. [Table 2](#T2){ref-type="table"} represents a compiled list of suggested common requirements for clinical protocol challenges and for reporting of AP performance.

###### 

Proposed minimal common requirements for AP clinical trials

![](1191tbl2)

Conclusions {#s13}
===========

AP technology is advancing quickly. The number of publications detailing clinical evaluations of AP devices has increased steadily over the past 4 years and will increase even more rapidly as more designs reach the clinical testing stage. The number of potential controller configurations is high, and the number of potential protocols is even higher, especially as trials move to the outpatient setting. As the scenarios become more complex, it is important to keep the fundamental engineering design considerations in mind. Organizing protocol standards and reporting metrics will ensure that all clinical trials will result in knowledge that can help in the shared goal of developing an AP to improve patient health outcomes.
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